We hypothesized that patients with chronic obstructive pulmonary disease developing contractile fatigue of the quadriceps during cycle exercise may have characteristic metabolic and muscle features that could increase their susceptibility to fatigue, thus differentiating them from those who do not develop fatigue. We examined, in 32 patients, the fiber-type proportion, enzymatic activities, and capillary density in the vastus lateralis and the arterial blood lactate level during constant work-rate cycling exercise. Contractile fatigue was defined as a postexercise fall in quadriceps twitch force greater than 15% of resting values. Twenty-two patients developed contractile fatigue after exercise. No significant differences were found between fatiguers and nonfatiguers for the endurance time, fibertype proportion, and oxidative enzyme activities. The lactate dehydrogenase activity was significantly higher (p Ͻ 0.05) and muscle capillarization significantly reduced in fatiguers (p Ͻ 0.05). Compared with nonfatiguers, the arterial lactate level during exercise was significantly higher in fatiguers (p Ͻ 0.001). A significant relationship was found between the fall in quadriceps twitch force and lactate dehydrogenase activity, capillary/fiber ratio, and blood lactate level. We conclude that changes in muscle enzymatic profile and capillarization with a greater reliance on glycolytic metabolism during exercise are associated with contractile fatigue in patients with chronic obstructive pulmonary disease.
A role for lower limb muscles in limiting exercise in chronic obstructive pulmonary disease (COPD) has been proposed based on the inverse relationship between the perception of leg fatigue during cycling exercise and exercise tolerance (1) and on the development of leg fatigue during exercise (2) in a significant proportion of patients with this disease. Moreover, we recently reported that the exercise response to bronchodilation can be modulated by the presence of contractile leg fatigue, thus providing additional support to the hypothesis that peripheral muscle dysfunction may influence exercise tolerance in COPD (3) .
In healthy subjects, muscle fatigue is attributed to various mechanisms ranging from poor central command output to an altered interaction between contractile proteins (4) . It is also well accepted that metabolic changes in the muscle, such as lactate accumulation and phosphocreatine depletion (5), limitations in muscle energy supply (6) , and structural and metabolic disorganization of contractile proteins (7) , can all be involved in the development of contractile muscle fatigue. In COPD, reported muscle changes that could be associated with fatigue include reduction in the proportion of the more fatigue-resistant slow-twitch fibers (8) (9) (10) (11) and modifications in muscle energy metabolism (12) (13) (14) , leading to increased lactate accumulation and premature muscle acidosis (15) (16) (17) . Because of its clinical relevance, it is important to elucidate the mechanisms and the impact of leg fatigue in patients with COPD.
One interesting question is why contractile fatigue, defined as a reversible postexercise fall in quadriceps strength, is only found in approximately 50% of patients with COPD (3, 18) . Two possibilities could be considered: either the peripheral muscle of individuals with contractile fatigue shows intrinsic susceptibility to fatigue or some patients stop exercise before the occurrence of contractile fatigue for various reasons, such as intolerable dyspnea, ventilatory limitation, central fatigue, and poor motivation.
On the basis of the previously reported peripheral muscle changes in patients with COPD, we hypothesized that the susceptibility to develop contractile muscle fatigue in these individuals could be linked to the typical skeletal muscle adaptations found in this disease, leading to higher reliance on anaerobic glycolysis, greater blood lactate accumulation, and early acidosis during exercise.
Accordingly, the objective of this study was to compare the fiber-type distribution, the enzymatic profile and the capillarity density of the vastus lateralis, and the blood lactate kinetics during constant work-rate cycling exercise between patients with COPD, with and without exercise-induced contractile leg fatigue.
Some of the results of this study have been reported previously in the form of an abstract (19) .
METHODS Subjects
Thirty-two sedentary men with spirometric evidence of chronic airflow limitation volunteered to participate in this study. The diagnosis of COPD was based on spirometry showing moderate to severe irreversible airflow obstruction (postbronchodilator FEV 1 Ͻ 60% predicted value, and FEV 1 /FVC Ͻ 70%) (20) and current or past smoking history (Ͼ 20 packs/year). Subjects were stable at the time of the study, and none suffered from cardiovascular, neurologic, skeletal muscle, or any other condition that could alter their capacity to perform the exercise test. No patients were on long-term oxygen therapy, nor did they receive oxygen during exercise. None of the subjects had been involved in a rehabilitation program before their participation in this study. The research protocol was approved by the institutional ethics committee, and a signed, informed consent was obtained from each subject. Eighteen of these subjects were the object of a previous report (3) .
Study Design and Methods
After reviewing their medical history and familiarization with the study procedures, subjects filled out a physical activity questionnaire (21) .
Anthropometric measurements, pulmonary function testing, a computed tomography of the midthigh, a percutaneous biopsy of the vastus lateralis muscle of the dominant leg, and a symptom-limited incremental cycle exercise test were then obtained. Within 1 week, subjects returned to the laboratory for a submaximal constant work-rate cycling exercise performed at 80% of their peak work rate. To standardize the procedures, patients were asked to withdraw from short-acting ␤2-agonists (6 hours), long-acting ␤2-agonists (12 hours), short-acting anticholinergics (6 hours), and theophyllines (24 hours) before the visit. Ipratropium bromide, 500 g, was nebulized 1 to 1.5 hours before the exercise test. A cannula was placed in a radial artery to obtain blood samples at rest and during the constant work-rate cycling exercise. The quadriceps force was measured at rest, using first elicited contraction with magnetic stimulation of the femoral nerve and then during maximum voluntary contractions as previously described (3). FEV 1 was then measured, and the submaximal exercise was performed until exhaustion. Finally, quadriceps twitch force was measured again at 10, 20, and 30 minutes postexercise, whereas maximal voluntary contractions were performed 10 and 30 minutes after exercise. A detailed description of the methodology involved can be found in the online supplement.
Statistical Analysis
Results are reported as mean Ϯ SD. A statistical level of significance of 0.05 was used for all analyses. The duration of constant work-rate exercise was defined as the endurance time. On the basis of our previous works (2, 3), a greater than 15% decrease in quadriceps twitch force 10 minutes after exercise was considered as a true physiologic signal indicating contractile fatigue. On the basis of this definition of contractile fatigue, it was decided a priori to divide the study population into fatiguers (patients in whom a Ͼ 15% decrease in quadriceps twitch force 10 minutes after exercise was observed) and nonfatiguers. An unpaired t test or a Mann-Whitney rank sum test, when normality was not obtained, was used to compare age, body mass index, lung function, endurance time, arterial lactate, maximal voluntary contraction, midthigh muscle cross-sectional area, and morphometric and enzymatic muscle characteristics between fatiguers and nonfatiguers. Possible correlations between the fall of quadriceps twitch force after exercise and arterial lactate, lactate dehydrogenase activity, muscle capillarization, and endurance time were evaluated using a Pearson correlation. The data were analyzed using the statistical package Sygmastat 1.0 (Jandel Scientific, San Rafael, CA).
RESULTS

Study Population
Subjects' characteristics are presented in Table 1 . On average, patients had moderate to severe airflow obstruction and a low or moderate level of physical activity. Compared with healthy subjects previously studied in our laboratory, patients had a reduced midthigh muscle cross-sectional area (10) . Twenty-two patients demonstrated a more than 15% fall in quadriceps twitch force 10 minutes after exercise and were considered as fatiguers. Fatiguers and nonfatiguers could not be differentiated on the basis of their age, body mass index, level of physical activity, resting lung function, midthigh muscle cross-sectional area, maximal voluntary contraction, and resting arterial blood gases. The physiologic response to incremental exercise testing is shown in Table 2 . A peak respiratory exchange ratio greater than 1, the absence of ventilatory reserve at peak exercise (V e/maximum voluntary ventilation Ͼ 100%), and a high symptom score indicated that maximum exercise intensity was reached by the patients (22) . Apart from the perception of leg fatigue, which was significantly lower in nonfatiguers, the response to incremental exercise was similar between the two groups.
Quadriceps Muscle Fatigue
The time course of quadriceps twitch force and maximal voluntary contraction for fatiguers and nonfatiguers after exercise is illustrated in Figure 1 . In fatiguers, the fall of quadriceps twitch Definition of abbreviations: BMI ϭ body mass index; DL CO ϭ diffusion capacity; IC ϭ inspiratory capacity; MTCSA ϭ midthigh muscle cross-sectional area; MVC ϭ maximum voluntary contraction; PA score ϭ physical activity score; RV ϭ residual volume; TLC ϭ total lung capacity.
Values are means Ϯ SD.
force persisted up to 30 minutes postexercise, suggesting a lowfrequency fatigue, a type of fatigue that is manifested preferentially at low frequencies of stimulation and characterized by a slow rate of recovery (23) . This quadriceps twitch force decrease was accompanied by a significant and persistent fall of maximal voluntary contraction. In nonfatiguers, the reduction in maximal voluntary contraction occurring after exercise was smaller than in fatiguers, and this fall was no longer significant 30 minutes postexercise. The actual percentage of fall in quadriceps twitch force and maximal voluntary contraction after exercise can be found in the online supplement.
Muscle Structure and Enzymatic Activities
Because of the insufficiency of muscle tissue, lactate dehydrogenase activity could be obtained in 28 patients and muscle capillarization in 31 patients. As shown in Table 3 , there was no significant difference between fatiguers and nonfatiguers for the fiber-type distribution, fiber cross-sectional areas, and the oxidative enzyme activities of the vastus lateralis. The lactate dehydrogenase enzyme activity, the lactate dehydrogenase/citrate synthase, and lactate dehydrogenase/3-hydroxyl CoA dehydrogenase enzymatic ratios were significantly higher in fatiguers compared with nonfatiguers (p Ͻ 0.05). These discriminating enzymatic ratios provide useful indication about the preferential enzymatic pathway in the muscle (24) . Muscle capillarization was lower in fatiguers compared with nonfatiguers as indicated by a significantly lower capillary/ fiber ratio (1.5 Ϯ 0.5 vs. 2.0 Ϯ 0.4, p Ͻ 0.05), a significantly smaller capillary contact/fiber ratio for type I and IIa fibers (p Ͻ 0.05; Figure 2A ), and by a tendency for lower capillary contacts/ fiber cross-sectional area for all fiber types (p ϭ 0.06-0.08; Figure 2B ).
Response to Submaximal Exercise
The physiologic response to submaximal exercise is presented in Table 4 . No significant difference was found between fatiguers and nonfatiguers for endurance time, heart rate, V e, and V o 2 responses at end-exercise. Compared with nonfatiguers, the response to submaximal exercise in fatiguers was characterized by a greater blood lactate accumulation and more profound The perception of leg fatigue was greater during submaximal exercise and at end-exercise in fatiguers compared with nonfatiguers ( Figure 3 ). The pattern of symptom limitation was different between the two groups (fatiguers: leg fatigue, 9%; dyspnea, 27%; both, 64%; nonfatiguers: leg fatigue, 0%; dyspnea, 60%; both, 40%), but this difference did not reach statistical significance. There was a statistically significant correlation between the fall in quadriceps twitch force at 10 minutes postexercise and the Borg leg fatigue score at end-exercise (r ϭ 0.541, p ϭ 0.002). The arterial lactate kinetics obtained in 31 patients (an arterial cannula could not be inserted) during exercise for both groups is depicted in Figure 4 . The arterial lactate level was significantly higher at end-exercise in fatiguers compared with nonfatiguers (8.90 Ϯ 3.13 vs. 5.54 Ϯ 2.50 mmol/L, p Ͻ 0.001) and at each time point during submaximal exercise and recovery.
There was a significant correlation between the fall in quadriceps twitch force 10 minutes postexercise expressed in percentage of resting value and arterial lactate level at end-exercise ( Figure 5A ), lactate dehydrogenase activity ( Figure 5B) , and capillary-to-fiber ratio ( Figure 5C ; r ϭ 0.44, p ϭ 0.01; r ϭ 0.46, p ϭ 0.01; and r ϭ 0.471, p ϭ 0.007, respectively): that is, a high arterial lactate level at end-exercise, an elevated lactate dehydrogenase activity, and a smaller muscle capillarization predicted a large fall in quadriceps twitch force after exercise. No relationship between arterial lactate level at end-exercise and endurance time was found (r ϭ 0.04).
DISCUSSION
Although previous independent studies have established that patients with COPD have a poor peripheral muscle endurance (25) , low muscle aerobic enzyme activities (16), reduced muscle capillarization (26) , greater susceptibility to develop contractile fatigue (2) , and early onset of lactic acidosis during exercise (15) , all these findings were reported in different populations. The current investigation is the first to evaluate all these parameters within the same individuals, allowing the study of the possible interactions between them. More importantly, we demonstrate that the susceptibility to develop muscle fatigue during cycling exercise varies from one patient to another, indicating that the COPD population is not homogenous when it comes to understanding muscle fatigue. Our data support the notion that this difference in the susceptibility to develop muscle fatigue among patients with COPD may find its origin within the muscles themselves, because patients with greater susceptibility to muscle fatigue show morphometric and metabolic features consistent with preferential reliance on glycolytic metabolism during exercise.
Methodologic Considerations
Because supramaximal magnetic stimulation of the femoral nerve is nonvolitional and painless, it can be successfully used to detect contractile fatigue of the quadriceps (2, 3, 18, 27, 28) . We elected to use the potentiated twitch technique as opposed to the unpotentiated twitch because it is more sensitive and represents a more reproducible index of contractile fatigue (3, 29, 30) . Last, a fall in quadriceps twitch force of more than 15% was used to define contractile fatigue. The use of this threshold in the present study was justified by our previous validation studies showing that the variability of the quadriceps twitch force measurement was less than 15% (3). When quadriceps twitch force measurements are repeated over time within a single subject, the coefficient of variation is on average 6 to 8% (29) . A 15% change in quadriceps twitch force therefore represents approximately twice the average variability and is thus highly unlikely to have occurred by chance alone.
Although our patients were categorized into fatiguers and nonfatiguers, the development of contractile fatigue is not an all-or-none phenomenon (30) . This may explain, at least in part, the overlap in the enzymatic and morphologic muscle characteristics found between the two groups. Despite this, the differences found between the fatiguers and nonfatiguers in muscle enzymatic activities, lactate dehydrogenase activity and capillarization, as well as in blood lactate profile during exercise are consistent and physiologically plausible. The significant correla- Figure 5 . Relationship between change in the fall in quadriceps twitch force (TWq) 10 minutes postexercise expressed in % resting values and blood lactate at end-exercise (A; n ϭ 31), muscle lactate dehydrogenase (LDH) activity (B; n ϭ 28), and capillary/fiber ratio (C; n ϭ 31). There was a significant correlation between the fall in TWq 10 minutes postexercise and the arterial lactate level at end-exercise (r ϭ 0.44, p ϭ 0.01), LDH activity (r ϭ 0.46, p ϭ 0.01), and the capillary/fiber ratio (r ϭ 0.471, p ϭ 0.007): that is, a high arterial lactate level at endexercise, an elevated LDH activity, and a smaller muscle capillarization predicted a large fall in TWq after exercise.
tions between the fall in quadriceps twitch force postexercise and blood lactate at end-exercise, lactate dehydrogenase activity, and capillary-to-fiber ratio also support the contribution of peripheral muscle changes to contractile fatigue. Taken together, these data are compelling in supporting the hypothesis that muscle changes are important in explaining individual variation in the susceptibility to develop muscle fatigue after cycling exercise in COPD.
Exercise in Fatiguers
In fatiguers, the combination of leg fatigue and dyspnea was the main symptomatic reason for exercise cessation. The exercise metabolic response in these individuals was characterized by a rapid increase in plasma lactate, which could reflect increased lactate production by the working muscles, reduced lactate clearance, or a combination of the two. Under the current conditions, we believe that the increased blood lactate originated from an augmented production by the leg muscles, as is the case when the rate of pyruvate production by the glycolytic pathway exceeds the rate of pyruvate oxidation by the mitochondria. The increased blood lactate in fatiguers is likely to originate from the contracting peripheral muscles because the respiratory muscles contribute only minimally to the increase in blood lactate during exercise in COPD (31) . The observed relationship between plasma lactate level at end-exercise and the fall in quadriceps twitch force after exercise is also consistent with the peripheral origin of the elevated plasma lactate in fatiguers.
Despite the observation of a different muscle and metabolic profiles between fatiguers and nonfatiguers, we can only speculate on the existing link between elevated plasma lactate, reduced capillarization, and increased lactate dehydrogenase activity in fatiguers. One hypothesis is that a reduction in muscle capillarization and perfusion would lead to a preferential use of the glycolytic pathway and to an increased lactate production, a process resembling the situation observed in peripheral artery disease (32) . A reduced muscle capillarization in the presence of enhanced muscle lactate production could appear surprising knowing that lactate is a potential stimulus for angiogenesis (33, 34) . Vascular endothelial growth factor is an important factor governing the angiogenic process by stimulating the capillary sprouting (33, 35) . However, reduced vascular endothelial growth factor expression has been previously reported in the lung of patients with severe emphysema (36) and whether this could also be the case in the peripheral muscles of patients with greater susceptibility to contractile fatigue is unknown.
Fatigue and Exercise Limitation
In a study of 417 subjects, Killian and colleagues (22) found that dyspnea was the main symptom limiting exercise performance in only 26% of patient with COPD. The majority of patients were either limited by leg fatigue, or by a combination of the two symptoms. The finding of this initial study was further substantiated by the observation that contractile fatigue occurs after cycle exercise (2) and may contribute to exercise limitation in patients with COPD (3). In the present investigation, similar endurance time between fatiguers and nonfatigueurs may apparently question the true contribution of leg fatigue to exercise intolerance. However, the fact that endurance time was similar between fatiguers and nonfatiguers does not mean that the same mechanisms of exercise intolerance were in play in the two groups. Although the relative contribution of the central and peripheral components of exercise intolerance within a single patient could not be sorted out, the data provided in the present study support the concept that the mechanisms underlying exercise intolerance were different between fatiguers and nonfatiguers and that leg fatigue was involved in the former group.
In the fatiguers, the sensation of leg fatigue was higher and the exercising muscles were weaker (because of fatigue) than in nonfatiguers, and it is not unreasonable to expect that this would influence exercise performance as suggested in our initial study about leg fatigue in COPD (3). This statement is supported by the significant correlation between the fall in twitch tension of the quadriceps and the perception of leg fatigue. The metabolic changes occurring in a fatiguing muscle leading to early acidosis will likely contribute to increased ventilatory requirement during exercise (15) . Leg fatigue may also significantly contribute to increase the perception of dyspnea and the ventilatory requirements through the stimulation of metaboreceptors within the muscles (37) . Stimulation of these receptors, a well-studied phenomenon in patients with chronic heart failure, is known to enhance ventilation during exercise. Therefore, in fatiguers, muscle fatigue and changes in peripheral muscle energy metabolism during exercise may contribute to overload the respiratory system and be a determinant in exercise cessation. The experience gained with pulmonary rehabilitation has also highlighted the contribution of peripheral muscle dysfunction to exercise intolerance in COPD. In fact, the improvement in peripheral muscle function represents the physiologic foundation for the better exercise tolerance after exercise training in COPD (38) .
Potential Limitations
Although quadriceps capillarization and enzymatic profile and lactate responses to exercise were different between fatiguers and nonfatiguers, this finding does not necessarily imply that these muscle and metabolic changes had a causal relationship with leg fatigue. We acknowledge that the greater blood lactate accumulation is unlikely to be the direct cause of fatigue. This finding could rather indicate that fatiguers use different muscle energetic pathways during exercise compared with nonfatiguers, possibly leading to early muscle acidosis and to the accumulation of a variety of metabolic byproducts, such as lactate and inorganic phosphate (39) , that could be involved in the susceptibility to develop muscle fatigue.
Clinical Implication
The appreciation that the physiologic and metabolic responses to exercise are not uniform throughout the entire COPD population is likely to be clinically relevant. We have previously reported, for instance, that the exercise response to bronchodilation can be modulated by the presence of contractile fatigue (3). The ability to improve exercise tolerance and to adapt physiologically to exercise training could also be influenced by the occurrence or not of contractile fatigue during exercise. It can be speculated that subjects in whom cycle exercise is proximally limited by dyspnea would not be able to sufficiently activate their peripheral muscles during whole-body exercise training and thus would not derive great benefit from general physical reconditioning. In such patients, use of local muscle exercises as a training stimulus and emphasis on dyspnea control strategies would appear to be more physiologically appropriate. Conversely, aerobic training would seem to be perfectly suited to fatiguers in helping them to improve muscle capillarization.
Neural magnetic stimulation will remain an attractive research tool, but it is not practical to apply this tool in clinical practice, and it would be important to find simple surrogates for the assessment of contractile leg fatigue. Fatiguers and nonfatiguers could not be differentiated on the basis of their midthigh muscle cross-sectional area, suggesting that muscle fatigue is more related to the quality of the muscle rather than to its quantity. Although a significant correlation between the fall in quadriceps twitch force and the perception of leg fatigue was found (r ϭ 0.53, p ϭ 0.001), the strength of this association is not sufficient to discriminate subjects based on their symptom perception. Further work is needed in this area.
Conclusions
In summary, two different subsets of patients with COPD could be defined based on their susceptibility to leg fatigue. Compared with nonfatiguers, fatiguers could be characterized by a reduced muscle capillarization, greater lactate dehydrogenase activity, and higher arterial lactate level during exercise. A key message of the present study is that the degree of impairment in peripheral muscle function is not uniform in COPD, a phenomenon reflected by different degrees of susceptibility to contractile fatigue. As a corollary, it will be necessary to refine the physiologic evaluation of our patients with COPD to offer customized therapeutic interventions suiting the specific individual needs and to optimize their functional status.
Conflict of Interest Statement : D.S. does not have a financial relationship with a commercial entity that has an interest in the subject of this manuscript; A.M. does not have a financial relationship with a commercial entity that has an interest in the subject of this manuscript; A.C. does not have a financial relationship with a commercial entity that has an interest in the subject of this manuscript; C.H.C. does not have a financial relationship with a commercial entity that has an interest in the subject of this manuscript; M.J.M. does not have a financial relationship with a commercial entity that has an interest in the subject of this manuscript; P.L. does not have a financial relationship with a commercial entity that has an interest in the subject of this manuscript; J.J. does not have a financial relationship with a commercial entity that has an interest in the subject of this manuscript; F.M. does not have a financial relationship with a commercial entity that has an interest in the subject of this manuscript.
